Introduction
The global spread of carbapenemase-producing Enterobacteriaceae (CPE) has been characterized by the predominance of specific types of bacterial clones and carbapenemase genes in different parts of the world. In Israel, the CPE outbreak has involved mainly the spread of clonal group (CG)-258 KPC-producing Klebsiella pneumoniae (KPC-KP), which is thought to have been introduced via the USA in 2005. 1 This outbreak has been contained via a nationally coordinated intervention. 1 In addition to acute-care general hospitals (ACGHs), CPE have often disseminated inside the post-acute care hospital (PACH) system, due both to transfer of carriers from ACGHs and local dissemination. 2 Thus, the molecular epidemiology in these centres is likely to reflect both of these processes. Clonal group (CG) 258 has been present in the PACH system in Israel from the very first years of the outbreak. 3 In recent years, despite an overall decrease in the prevalence of CPE 4 and the emergence of non-KPC-producing CPE in these institutions, the proportion of CG 258 has actually increased to 80% of the KPC-KP population in 2013. 3 The increasing clonal homogeneity due to CG 258 is indicative of its persistence fitness in healthcare settings but has also made it almost impossible to understand the dissemination dynamics in these institutions using traditional molecular typing methods.
In recent years, several studies have used WGS to study CG 258, providing important insights regarding its molecular evolution 5, 6 and assisting in the analysis of institutional outbreaks. 7 Although this method can be used to analyse the transmission dynamics of a single epidemic clone on a national level, 8 to the best of our knowledge it has never been applied in the study of CG 258 or other epidemic Gram-negative bacteria. The objectives of the study were (i) to describe the evolution of CG 258 during a 5 year period in national surveys of the PACH system in Israel, and (ii) to understand the dissemination dynamics of CG 258 within this system, e.g. the role of institutional dissemination and the importance of regional versus inter-regional dissemination of strains.
Methods

Study design, patients and isolates
This was a retrospective, national study of the molecular epidemiology of CG 258 KPC-KP isolated in PACHs in Israel, and was an extension of our previous study of CPE in these facilities. 3 We included CPE that were isolated in three cross-sectional prevalence surveys performed by the National Center of Infection Control (NCIC), the first from November 2008 to January 2009, involving 12 centres, the second from June to December 2011 (not included in our previous study 3 ) and the third from June 2013 to January 2014. The latter two surveys included the original 12 centres and an additional 2 PACHs. In all surveys, screening cultures were obtained from all patients hospitalized in a representative number of wards, determined by randomly selecting at least one ward of each type (i.e. skilled nursing care, chronic mechanical ventilation, rehabilitation and sub-acute wards) contained in the facility surveyed. Isolates obtained during an interim additional survey done in 2010 were not included, as it was done in proximity to the 2011 survey. Following the initial phase of the study, CG 258 isolates were identified from the entire KPC-KP population (see 'Detection and identification of KPC-KP and molecular typing' below). We decided to include in the WGS part of the study only 9 of the 14 PACHs: one from southern Israel (centre F), two from the Jerusalem area (centres C and L), two from the Haifa area (centres G and M) and four from the central part of the country (centres E, I, J and K). All five centres that were omitted were from central Israel and in four of them (centres B, D, H and N), CG 258 was not detected at all or detected only once in either one or two of the surveys. We retained the labelling of the centres used in our previous study (Table 1) . Three isolates, one from each survey, were non-viable and hence not included.
Detection and identification of KPC-KP and molecular typing
Identification of KPC-KP and CG 258 in the 2008 and 2013 surveys was described in our previous study 3 and was performed similarly for the isolates of the 2011 survey. In brief, rectal swabs were collected and streaked onto MacConkey agar plates (HyLabs, Rehovot, Israel) with imipenem (at 1 mg/L) and incubated overnight. Suspected CPE colonies were subcultured from the respective screening plate onto standard MacConkey plates. Species identification was performed by the ENTEROTESTV R kit (HyLabs, Rehovot, Israel) or by the VITEK-2 system (bioMérieux, Marcy-l' Etoile, France). The bla KPC gene was tested by PCR. Identification of CG 258 KPC-KP was done first by a PCR for the pilv-l allele;
9 pilv-l-negative isolates were tested by PFGE in order to identify possible pilv-l-negative CG 258 isolates. All suspected CG 258 from the nine selected centres were further studied by WGS.
WGS analysis of CG 258 KPC-KP isolates
Sequence data for analysis of CG 258 were generated by next-generation sequencing (NGS) at the Israel National Center for Personalized Medicine, Weizmann Institute. DNA was extracted and libraries for NGS were prepared as previously described 10 and run on an Illumina Hiseq 2500 instrument. The quality of the raw sequence was assessed using FastQC software. De novo assembly was carried out using SPAdes software 11 with default parameters. Phylogenetic analyses were performed using a coregenome MLST (cgMLST) approach (1215 genes), using SeqSphere software (Ridom GmbH, Munster, Germany) 12 with reference genome to generate an ad hoc scheme. Phylogenetic trees were constructed using PHYLOViZ software. 13 Additional data extracted from the NGS data included 'traditional' seven-gene MLST data, 14 the bla KPC gene allele and the capsule polysaccharide (CPS) gene cluster, and these were used to define the relationship among the isolates according to the previously defined CG 258 clades. 6 Individual isolate data are presented in Table S1 (available as Supplementary data at JAC Online).
Definitions and data analysis
Isolates belonging to ST 258, ST 512 and ST 868 were considered as part of CG 258. 5 Distinct cgMLST types within CG 258 were defined as 'strains'.
Phylogenetic distance was defined as the difference in cgMLST-defined genes between given isolates, irrespective of the exact number of nucleotide differences.
Proportions of the various bacterial populations were compared using Fisher's exact test and numerical values were compared using an independent sample t-test. All calculations were done by SPSS V R version 22.
Results
Prevalence and molecular features of CG 258 K. pneumoniae in Israeli PACHs
The overall prevalence of KPC-KP in the nine PACHs ( The results of the cgMLST minimum spanning (MS) tree according to ST are presented in Figure 1(a) . The majority of isolates were ST 512 (183/241, 75.9%), or its single-locus variant (rpoB allele All isolates belonged to CG 258 clade 2, exhibiting the cps 2-type gene cluster. The similarity values with the cps 2 gene cluster (KF793263.1) were between 73.1% and 100%. 6 
Temporal changes in CG 258
The result of the cgMLST phylogenetic analysis according to the year of the survey is presented in Figure 1(b) . Overall, the analysis shows relative convergence in the initial 2008 survey, with increasing diversification in the subsequent surveys. A similar pattern can also be seen in individual centres (e.g. centre I, Figure 2 ). Aligning the trees of the STs and survey year (Figure 1a and b, respectively), we can hypothesize that CG 258 was introduced into Israeli PACHs at least twice, via ST 512 and ST 258, and subsequently diversified.
The increased diversification throughout the surveys was confirmed by the analysis of the number of gene differences (distance) between the isolates of the same survey, where the average difference increased from 37. Figure 3 demonstrates the distribution of the cgMLST distance in the three surveys, showing a rightward shift in the later curves. In addition, the distances within each survey follow a twopeak pattern that corresponds to the branching nature of the diversification (Figure 1 ): the right peak represents the most frequent distances between the isolates (i.e. between different PACHs and surveys), whereas the smaller, left peak represents the distances within each cluster (i.e. within the same PACH and survey).
Strain variability within patients
In order to assess the rate of change between the surveys, we analysed the difference between isolates cultured from the same patients (n " 4) in different surveys. Three patients had two isolates cultured in the 2008 and 2011 surveys (centres E, I and J) and one Transmission patterns of CG 258 in PACHs JAC had two isolates cultured from the 2011 and 2013 surveys (centre L). In order to determine whether each subsequent isolate resulted from persistent colonization, or recolonization from other patients, we compared the difference between the two isolates of the same patients with the differences found between nonrelated patients in the corresponding surveys. In centres E and I (Table 2 and Figure 2 ) the cgMLST gene differences between the same-patient isolates were bigger compared with those found between non-related isolate pairs, suggesting recolonization as the source for the second isolation, although co-colonization by more than one strain cannot be excluded. In centres J and L, the cgMLST gene differences between the same-patient isolates were smaller compared with those found between non-related isolate pairs, with the exception of one pair. Note that the cgMLST gene difference between the same-patient isolates in centre L was larger compared with the difference in centre E (33 versus 26 genes, respectively). Hence, the only patient likely to have had persistent colonization is the one in centre J (cgMLST difference " 20 genes).
Dissemination patterns of CG 258 in PACHs in Israel
The result of the cgMLST phylogenetic analysis according to PACH is presented in Figure 1 (c). Three types of dissemination patterns are apparent in individual PACHs. A predominantly institutional dissemination pattern can be observed only in centre F, the single centre from southern Israel, where all but one isolate congregate within a single branch. A predominantly regional dissemination pattern can be seen in the Jerusalem area, where the two PACH centres (C and L) are interconnected with three general hospitals, all serving the same population. Isolates from the two centres are predominantly located on a separate branch, and both are present on its two subdivisions (Figure 1c) . A regional dissemination pattern was not observed in the Haifa area, where isolates from centres G and M were dispersed in smaller clusters on four branches (Figure 1c ). This dissemination pattern can be described as a combined institutional and generalized pattern, and can be explained by the introduction of new CG 258 strains from around the country followed by local dissemination. This pattern applies as well to most other centres from central Israel (e.g. centre E), and can be explained by frequent patient movement between general hospitals and PACHs in this densely populated area with interconnected referral centres. We then assessed the number of isolates that can be attributed to institutional dissemination (AID). In order to define the criteria for AID within a single survey, we analysed the differences in the number of cgMLST genes between all pairs of isolates (every isolate with its closest matching isolate) in the 2008 survey in centre F, the most insular PACH at the initial stage of CG 258 dissemination. The mean distance between pairs was 6.6 and the maximum distance was 16 genes. We therefore define 16 genes as the maximum distance between two isolates in a given survey that can be attributed to institutional dissemination. The overall proportion of AID (Table 3) increased from 47/72 (65%) in 2008 to 90/113 (79%) in 2011 (P " 0.038), despite the overall increase in diversification of CG 258. In 2013, the proportion of AID decreased to 35/56 (63%; P " 0.0248). This change corresponds to the overall decrease in the prevalence of KPC-KP and the increased diversification of CG 258. Individually, the pattern of initial increase in AID in 2011 followed by a decline in 2013 was also manifested in most PACHs (e.g. centres E, I, L). Two centres showed a gradual decline in the proportion of AID to 0% (e.g. centres F and J) and in one centre (G) AID was initially low but then increased and remained high also in 2013.
Discussion
With increasing ageing of the population, PACHs have become a pillar of the healthcare system, places where patients are typically hospitalized for prolonged periods of time. Thus, a thorough understanding of their role in the propagation and dissemination of CPE and other MDR bacteria is essential in the multifaceted effort to control these outbreaks. Our study provides a comprehensive look at the evolution and dissemination of the single most important CPE clone in the industrialized world, CG 258 KPC-KP, in the PACH system in Israel. Epidemiologically, we have identified three levels of dissemination of CG 258. First, intra-institutional dissemination is probably the dominant transmission mode, as can be seen by the clustering of isolates within each PACH (Figure 1c ) and predominantly in centre F (Be'er Sheba). Although the precise proportions might be lower than calculated (Table 3 ) due to the fact that each Adler et al.
cluster may include an 'index case' that was acquired outside the PACH, this analysis was not designed for outbreak tracking but rather for delineating the overall extent of this problem. Indeed, the overall AID of 63% in 2013 (Table 3) is close to the epidemiological estimation of 58% acquisition rate of CPE that was reported in 2013. 3 Second, a regional pattern of dissemination of related CG 258 strains was observed in the PACHs in Jerusalem. This pattern suggests little exchange of strains outside the regional healthcare system. Third, in the rest of the PACH system, there were institutional clusters scattered in different branches, suggesting ongoing introduction of CG 258 isolates from other ACGHs and PACHs, followed by local dissemination. The distinction between the regional and generalized patterns is important, since it indicates that in the relatively insular parts of the country, regional control of CPE may be sufficient, whereas in the rest of the country, intervention at the national level is essential for effective control.
Previous studies provided insight on the molecular evolution of CG 258, which has evolved through a series of recombination events 5 and subsequently diverged into two clades, characterized by distinct types of cps gene clusters. 6 The two clades differ also in their bla KPC alleles (clade 1, bla KPC-2 ; clade 2, bla KPC-3 ) and in the isolates' STs (clade 1, ST 258; clade 2, ST 258 and ST 512). Although these differences represent merely an SNP, they serve as a convenient molecular tool for tracking the expansion of these clades. In this study, we found that all of the isolates were related to clade 2 and indeed harboured the bla KPC-3 allele. Both ST 258 and ST 512, which were identified in Israel as early as 2005, 15, 16 were present in PACHs in the first survey of 2008, and evolved throughout the years in distinct branches (Figure 1a) . Their presence in Israel in these early reports 15, 16 supports the hypothesis that CG 258 clade 2 was introduced into Israel by at least two separate events, most likely from the USA. Over the period covered by the three surveys, CG 258 has diversified from an average difference in cgMLST of 37.83 to 58.21 genes. This pattern was observed in all centres and phylogenetic branches.
Although the overall prevalence of CPE declined in 2013, the persistence of the high proportion of CG 258 compared with all other clones suggests that despite this diversification it maintained its former fitness.
We aimed to assess the evolution through time by analysing the cgMLST gene difference in four individual patients who tested positive in two surveys. Surprisingly, by comparing the gene difference with the one found in non-related isolate pairs, we came to realize that persistent colonization was likely in only one of these patients, whereas the other three patients were probably recolonized by another strain of CG 258. This finding can have important implications regarding necessary isolation measures enacted in these institutions. In Israel, CPE carriers are isolated inside a specific cohort section together with other carriers, and discontinuation of carrier status is allowed only after two negative surveillance cultures and one negative PCR test. 1 This policy has been affirmed by studies that showed a low negative predictive value of one negative CPE culture and indicated that colonization may persist for more than 2 years in a substantial proportion of carriers. 17 However, our study suggests that in many cases, patients regarded as persistent carriers were actually recolonized from other carriers, a likely scenario in the settings of cohort sections (although a larger study is required in order to assess the extent of this problem). Hence, if CPE carriers are to be isolated in cohort sections, it is imperative for their safety to maintain a high quality of general infection control measures within these sections, in order to prevent recolonization.
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